Abstract. Pterygium is a common ophthalmic disease affecting humans only. Extensive epidemiological data have demonstrated a causative effect of chronic ultraviolet (UV) radiation on pterygia. Progress has been made in determining the origin of pterygia, their nasal predilection and wing-shaped appearance, and the roles of UV radiation in the initiation and the development of pterygia. In the present review, the current understanding of the involvement of UV radiation in the pathogenesis of pterygia is summarized. This involvement includes the alteration of limbal stem cells and fibroblasts that contribute to the initiation of pterygia and the induction of various pro-inflammatory cytokines, growth factors and matrix metalloproteinases that promote the progression of pterygia. Further elucidation of the roles of UV radiation in the pathogenesis of pterygia may help to encourage individuals at risk of developing pterygia to take preventive measures and aid researchers in the development of novel targeted therapeutic agents to treat pterygia.
Introduction
Clinically, pterygium is an ocular surface disorder that exhibits a wing-like shape and a preference for the nasal limbus. Pterygium hinders eyesight and affects cosmetic appearance. Histopathologically, pterygium is characterized by the centripetal growth of a cluster of altered limbal stem cells (LSCs) followed by squamous metaplastic and goblet cell hyperplastic epithelium, Bowman's membrane dissolution accompanied by abundant active fibroblasts, a proliferative stroma with inflammation, neovascularization and extracellular matrix (ECM) (1) . Previous studies have indicated that pterygium is associated with numerous risk factors, including ultraviolet (UV) radiation (2) (3) (4) (5) , viral infection (6) (7) (8) , hereditary factors (9-11), immunological factors (12) , aseptic inflammation (13) , environmental irritation from wind, dust or trauma, smoke and ocular dryness (14) . Recently, increased levels of the transcription factors cAMP response element-binding protein (15) , cytochrome P450 1A1 protein (16) , phospholipase D (17) , and aquaporin-1 and -3 (18) have been implicated as risk factors for pterygia development. UV radiation remains a well-established pathogenic factor of pterygium based on epidemiological evidence (19) (20) (21) . Pterygium is more commonly observed in populations in regions between the latitudes of 40˚ north and south of the equator, known as the 'pterygium zone,' associated with the higher UV intensity in this region. The prevalence rate of pterygium within this region was estimated to be up to 22% (22) , and <2% outside it (2) , implying that UV radiation may be associated with the pathogenesis of pterygium. In addition, the UV theory is supported by the histopathological characteristics of pterygium that are similar to UV-damaged skin (23) , and that focal limbal radiation may explain the nasal predisposition and the shape of pterygia (24, 25) . Chronic UV exposure results in an increase of ≥20-fold in incident light at the nasal limbus, rendering LSCs more vulnerable and gradually resulting in focal limbal failure, which has been considered as a trigger for pterygium (14, 26) . However, a recent study indicated no association between the LSC damage and the pterygium occurrence (27) , although its conclusion should be interpreted with caution due to race and sample size limitations.
A two-stage hypothesis has been proposed in the present review to explain the pathological process of pterygium. First, focal LSCs are altered gradually by chronic UV radiation, which serves as the initiation of pterygium. Then, the progressive 'conjunctivalization' of the cornea occurs due to focal limbal barrier dysfunction. In addition to involvement in the initiation of pterygium, UV radiation has been implicated in the progression of pterygium via the upregulation of multiple pro-inflammatory cytokines, growth factors and matrix metalloproteinases (MMPs). These effectors are important in the inflammation, fibrosis, angiogenesis and ECM remodeling, which characterize pterygium (Fig. 1) . The molecular mechanism underlying the potential role of UV radiation in the initiation and the development of pterygium will then be investigated in the current review.
The biological effects of UV radiation. UV radiation from sunlight is separated into 3 categories, as follows: UVA (wavelength, 320-400 nm), UVB (wavelength, 280-320 nm) and UVC (wavelength, 200-280 nm). UVA has the longest wavelength and the maximum penetration power, thus it is not attenuated by the ozone layer and comprises 90-99% of UV radiation. UVA is an important inducer of pigmentation and contributes to the premature aging of the skin, immunosuppression and carcinogenesis. By contrast to UVA, UVB is absorbed by the ozone layer and it comprises ~1-10% of the total UV radiation that reaches the earth's surface. UVB acts as an erythema inducer and it is, similarly to UVA, responsible for various biological events, including sunburn, immunosuppression and carcinogenesis. UVC has the highest energy of the three UV rays, and it possesses strong mutagenic properties and may result in erythematous reaction. UVC is almost completely absorbed by the ozone layer. Thus, solar UVC radiation imposes negligible effects to human eyes (28) .
UV (UVA and B) radiation have been implicated in numerous biological effects, including DNA damage (29) , oxidative stress (30) , and cell surface receptor and intracellular signaling pathway activation (31) (32) (33) (34) . These effects are closely associated with alteration of the transcriptional profile of multiple genes and, thus, changes in the biological behavior of cells. The effects of UV radiation have been widely detected in pterygia ex vivo and in pterygium epithelial cells (PECs) in vitro (35) (36) (37) (38) (39) (40) (41) (42) , implying that UV radiation may be involved in the pathogenesis of pterygium via its biological effects on ocular cells, including LSCs.
The involvement of UV radiation in the initiation of pterygia
The alteration of LSCs has been increasingly recognized as the initial biological event in the formation of pterygium. Incident UV radiation at the temporal limbus has been demonstrated to focus at the nasal limbus (Fig. 2) , and damage LSCs and fibroblasts residing at the nasal limbus. These altered LSCs (pterygium cells) migrate centripetally towards the cornea to form a migratory limbus, and a certain number of these cells Figure 1 . Potential roles of UV radiation in the pathogenesis of pterygium. UV radiation-mediated alteration of limbal stem cells serves to initiate pterygium. Pterygium cells expressing elevated levels of numerous inflammatory cytokines, growth factors and MMPs contribute to the inflammation, fibrogenesis, and vascularization and invasion of pterygium. Limbal fibroblasts activated by UV radiation or by pterygium cells in a b-FGF/TGF-β-dependent manner, produce increased levels of multiple growth factors and MMPs, which contribute to the extracellular matrix remodeling and dissolution of Bowman's membrane and the invasion of pterygium. UV, ultraviolet; IL, interleukin; HB-EGF, heparin-binding epidermal growth factor; b-FGF, basic fibroblast growth factor; VEGF, vascular endothelial cell growth factor; MMP, matrix metalloproteinase; TGF-β, transforming growth factor-β.
infiltrate the circumferential limbal and local conjunctival epithelia (43) , which may result in an increased recurrence rate if all invading pterygium cells are not removed. The breakdown of the focal limbal barrier facilitates the encroachment of conjunctival epithelial cells into the cornea.
The identification of pterygium cells. Conventionally, pterygium was considered to be the result of the ingrowth of fibroblasts from the limbal connective tissue into the adjacent cornea (4) . However, subsequent to the discovery of the LSCs, researchers hypothesized abnormal limbal barriers resulting from UV radiation may contribute to the initiation of pterygia (25, 44, 45) . Dushku et al (43) proposed that pterygia arise from altered limbal epithelial basal cells exhibited a migratory phenotype. These abnormal LSCs were designated pterygium cells and investigated in numerous subsequent studies (46, 47) . Although the origin of pterygium cells has been confirmed via immunohistochemistry, further research is ongoing (48) (49) (50) . Pterygium cells were initially described by Fuchs (51) over a century ago. Morphologically, the clustered cells in the basal epithelia of the pterygium are smaller, primitive and less differentiated. In addition, these cell clusters are clinically termed Fuchs' flecks, and may be visualized using a slit-lamp and confocal microscopy (50) .
UV radiation-mediated formation of pterygium cells. The human eye receives UV rays directly from sunlight, and scattered or reflected from the surface of objects outdoors or indoors. Human eyes are exposed laterally, allowing for a large temporal visual field and permitting more light to reach the temporal anterior segment. Incident light at the temporal limbus transverses the anterior chamber and ultimately converges at the nasal limbus via peripheral off-axis refraction. Employing computer-assisted optical ray tracing techniques, Kwok and Coroneo (24) and Coroneo (25) calculated that the peak light intensity may be concentrated by up to 20-fold at the distal limbus. UV light has, in addition to visible light, been shown to act similarly (14, 26, 52) . Focal UV radiation reaches nasal LSCs in the basal layer of the limbus via a transcameral path (48) . Without the protection of superficial cells, the focal LSCs at the nasal limbus may become dysfunctional or be depleted. Based on the identification of pterygium cells in the pterygia epithelia, researchers have hypothesized that focal UV radiation may alter or activate, rather than destroy LSCs (50) . The effects of focal UV radiation on LSCs requires be further elucidation, as they are associated with the initiation of pterygia. Based on the immunomodulatory effects of UV radiation on other cell types, Kwok and Coroneo (24) proposed that chronic focal UV radiation may ultimately alter the LSCs via similar mechanism. However, this remains to be confirmed experimentally. Reid and Dushku (48) suggested that UV radiation-induced p53 gene mutations may be involved in the development of pterygium cells, as they detected abnormal p53 protein expression levels in the basal cells of the pterygia epithelium via immunohistochemical staining. According to this hypothesis, p53 mutations occur in the parental basal LSCs under chronic focal UV radiation exposure. Due to the deficiency of p53-dependent programmed cell death, mutations in other genes are progressively acquired by altered LSCs, which ultimately evolve into pterygium cells (48) . The p53 gene is a known tumor suppressor gene and its protein product acts as a checkpoint by preventing cell proliferation or inducing apoptosis in response to DNA damage resulting from certain mutagenic agents, including UVB radiation (53) (54) (55) . Under normal conditions, the p53 protein has a short half-life of <30 min and is often undetectable in the cell (48) . Mutations in the p53 gene are considered to result in the accumulation of an abnormal p53 protein that has a longer half-life of several hours (56) , enabling its detection. Previous studies have demonstrated increased p53 protein levels in the pterygium basal epithelium (57) (58) (59) . However, other studies indicated that there is no p53 protein expression in the pterygium cells (60, 61) , disputing the importance of p53 mutations in the formation of these cells. Furthermore, recent DNA sequencing analysis of the p53 gene demonstrated no mutations in the pterygium basal epithelium (62, 63) , indicating the weakness of the hypothesis that p53 mutations contribute to the formation of the pterygium cells. These discrepancies may be due to methodological differences, or they may reflect a normal response to UV exposure (28) , as it has been demonstrated that UV radiation stabilizes p53 via post-transcriptional mechanisms. The latter possibility may partially explain the increased level of p53 in the pterygium cells. Alternatively, the overexpression of p53 suggests the certain proteins involved in the regulation of p53 protein activity or catabolism have been abnormally altered. The role of p53 in the formation of pterygium cells and the role of UV radiation in the induction of pterygium cells remain to be elucidated.
UV radiation-mediated activation of limbal fibroblasts.
Activated fibroblasts with an invasive nature have been described in the pterygium stroma and classified into four groups according to their location in pterygia (47) . Pterygium fibroblasts exhibit lower serum and exogenous growth factor requirements, and a higher saturating cell density than conjunctival fibroblasts under the same culture conditions. In addition, pterygium fibroblasts, but not conjunctival fibroblasts, exhibit colony formation ability in soft agar (64) . These results indicate that pterygium fibroblasts have a transformed phenotype. UV radiation was demonstrated to induce multiple DNA alterations in pterygium fibroblasts (4) , implying that UV radiation may be responsible for their abnormal biological behavior. Cameron (65) identified active fibroblasts with elongated nuclei and numerous irregular nuclear pores under an electron microscope and subsequently hypothesized that focal UV radiation activates fibroblasts residing in the limbal subepithelial connective tissue. Subsequent to these results, Reid and Dushku (48) hypothesized that UV radiation-altered LSCs may activate normal fibroblasts via a transforming growth factor-β (TGF-β)-fibroblast growth factor (b-FGF)-dependent mechanism, which was postulated to lead to abnormal fibroblast phenotypes and growth characteristics. In addition, Lemercier et al (66) proposed that chronic UV radiation may damage pericorneal conjunctival endothelial cells, which in turn disturbed the metabolism of fibroblasts, resulting in the alteration of their expression pattern in collagen and elastic fibers. Although UV radiation appears to be a major factor that promotes the formation of pterygium fibroblasts, there are different opinions regarding this issue (1, (67) (68) (69) . These hypotheses challenge the importance of UV radiation to the development of pterygium fibroblasts. Further investigation is required to elucidate the role of UV radiation in the formation of pterygium fibroblasts.
The nasal predilection and wing-shaped appearance of pterygia. It is well known that LSCs are crucial in maintaining the limbal barrier between the cornea and the conjunctiva. Chronic focal UV radiation-mediated alterations in nasal LSCs may result in a failure of the limbal barrier, providing a sound explanation for the nasal predisposition of pterygium. Prior attempts into explaining the wing shape of pterygia have been made. The earliest hypothesis was proposed by Arlt that the fold of conjunctiva is pulled over the cornea by the inward encroachment of an ulcer at the tip of the fold, however this hypothesis was refuted by Fuchs (24, 51) . The finding that UV radiation converges at the nasal limbus, enabled scientists to consider the role of UV radiation in the shape of pterygia. Based on the findings that the light intensity peaks at the zero azimuth position and that the zone of focused light extends circumferentially for a distance of ±1.6 mm (14), Kwok and Coroneo (24) predicted a wing-shaped appearance and a horizontal orientation of pterygia using a population balance model of epithelial cells in the cornea and the limbus. The degree of limbal light focusing is determined by the corneal shape and the anterior chamber depth (26) . Steeper corneas have higher peak intensity and conversely, flatter corneas have lower peak intensity (70) . Thus, individuals with corneas capable of developing intense limbal foci may have a predisposition to develop pterygium. If the above hypothesis is accurate, it may explain the reason that only certain individuals in common environments develop pterygium. This will further aid the ophthalmologists in identification of individuals who are at risk of developing pterygium so that appropriate preventative measures, including wearing sunglasses are recommended.
The involvement of UV radiation in the development of pterygia
Inflammation. Inflammation is one of the common manifestations of pterygium, and the persistent presence of chronic inflammation is likely required for the development of this condition. As has been described by a number of histologists, the inflammatory cells that infiltrate the pterygium epithelium and matrix include neutrophils (50), mast cells (71, 72) , lymphocytes and plasma cells (73) . Although the inflammatory manifestation of pterygium has been extensively recorded, the precise mechanisms underlying this inflammation require further elucidation. Numerous classic inflammatory factors, including interleukin (IL)-1, -6 and -8, have been demonstrated to be overexpressed in pterygia samples (Table I) , which may partly explain the presence of inflammatory infiltrates in pterygia. To further characterize the role of UV radiation in the inflammatory progression of pterygia, efforts have been made to investigate the association between abnormal expression of inflammatory cytokines and UV radiation.
Potential role of UV radiation in the abnormal expression of cytokines in pterygia. IL-1 (74), IL-6 and IL-8 (75) have been demonstrated to be markedly upregulated in pterygia compared with normal conjunctiva. By contrast, tumor necrosis factor-α (TNF-α) exhibits weaker immunohistochemical staining at the basement membrane, the vessel endothelium and the pterygium epithelium than corresponding locations in normal conjunctiva (76) . UV radiation has been indicated to induce the production of IL-1 in human corneal cells (77) and HeLa cells (78) , providing a possible mechanism underlying the upregulation of IL-1 in the pterygium epithelium. However, experiments have been implemented to investigate this effect in pterygia or in cultured pterygium epithelium cells (PECs), thus, further investigation is required. Di Girolamo et al (75) demonstrated that the mRNA and protein expression levels of IL-6 and -8 were induced in PECs following UVB radiation in a time-and dose-dependent manner. Similarly, the elevated protein levels of IL-6 and IL-8 were detected in UVB-treated pterygia compared with non-radiated pterygia in ex vivo (75) . It was further demonstrated that platelet-derived growth factor receptor (PDGFR) served as a transmitter of UVB signal in the induction of IL-6 (75). However, it is the epidermal growth factor receptor (EGFR), rather than PDGFR, that was indicated to be involved in transmitting UVB signaling in the induction of IL-8. In addition, the extracellular signal-regulated kinase (ERK) 1/2, c-Jun amino-terminal kinase (JNK) and p38 signaling pathways were responsible for the UVB-induced production of IL-6 and -8 in cultured PECs, as administration of each corresponding mitogen-activated protein kinase (MAPK) inhibitor markedly suppressed the production of IL-6 and -8 (42). All the above data provide a possible underlying mechanism for the increased expression of IL-6 and -8 in pterygia. Furthermore, the TNF-α promoter contains nuclear factor-κB (NF-κB) binding sites (79) . Given that UV radiation activates NF-κB (80) and NF-κB has been demonstrated to be activated in pterygia (81) , it is hypothesized that TNF-α may be induced by UV radiation in pterygium. However, the low expression levels of TNF-α in pterygia is inconsistent with this hypothesis. Examination of additional representative pterygia samples is required to validate the difference in TNF-α expression between conjunctiva and pterygia.
Potential roles of cytokines in the inflammation of pterygia.
IL-1 signaling has been demonstrated to mediate the induction of various pro-inflammatory cytokines, including IL-6 and IL-8 (82, 83) and neutrophil chemoattractants (84) in the cornea. Furthermore, IL-1 (in conjunction with TNF-α) has been demonstrated to induce MMP-1, MMP-2 and tissue inhibitor of MMPs (TIMP)-1 transcription in PECs in culture (85) . It is speculated that a similar process may occur in pterygia, and IL-1 may exacerbate inflammation and contribute to ECM remodeling in pterygia via induction of the above-mentioned factors. It is hypothesized that IL-6 may be responsible for the accumulation of neutrophils in pterygia, as this cytokine is involved in neutrophil recruitment via the upregulation of specific chemokines in inflamed corneas (86) . Furthermore, it is likely that IL-6 indirectly contributes to the angiogenesis of pterygium tissue, as IL-6 induces vascular endothelial growth factor (VEGF) expression in various cell lines (87) . The abnormal expression of IL-8 may be associated with the marked increase in leukocyte infiltration and neutrophil accumulation in the pterygium tissue, as IL-8 exhibits chemotactic activity on lymphocytes and other nonspecific inflammatory cells, and activates neutrophils (88, 89) . In addition, a previous study demonstrated that IL-8 is mitogen and chemo-attractant to vascular endothelial cells, and directly induces angiogenesis in experimental corneal pocket models (90) . These data suggest that IL-8 may be involved in the formation of new blood vessels in the pterygium tissue. However, the specific roles of IL-1, -6 and -8 in the progression of pterygium remain to be elucidated, thus further research is required to investigate the precise functions of these cytokines in the development of pterygia. Although it is well known that TNF-α serves a role in UV radiation-induced inflammation (91) and mediates neovascularization by inducing VEGF and b-FGF from the vascular endothelium (92) , its low expression in the pterygium tissue must be further investigated prior to concluding that TNF-α contributes to this condition.
Proliferation of fibrovascular tissue. Another common histopathological finding in pterygia is fibrovascular proliferation. The increased vascularity within the stroma or the epithelium of pterygium generally consists of arterioles, venules and numerous capillaries (73) . In addition, the overgrowth of stroma within the pterygium tissue is characterized by the presence of fibers that take up elastic stain, but differ from normal elastic fibers. Furthermore, the stroma contains an overgrowth of active fibroblasts and excess deposits of heparin sulfate, versican, laminin, fibronectin and typical collagen fibers. These fibers contain 80-90% type I collagen, 10-20% type II and a small quantity of type IV (93) . This collagen composition is comparable to that of the conjunctiva tissue (94) . The mechanism underlying these proliferative changes in the pterygium tissue remains to be adequately explained. A possible explanation is that inflammation induces angiogenic pathways, however, other causes, including UV radiation are likely required for angiogenesis and fibrogenesis. A number of pro-angiogenic and pro-fibrogenic growth factors, including heparin-binding epidermal growth factor (HB-EGF), VEGF, b-FGF, platelet-derived growth factor (PDGF) and TGF-β, have been indicated to be overexpressed in pterygia (Table II) . UV radiation has been associated with the upregulation of b-FGF, VEGF and HB-EGF (1). The fibrogenic and angiogenic characteristics of HB-EGF, VEGF, b-FGF, PDGF and TGF-β, further support that UV radiation may be indirectly involved in the fibrovascular proliferation of pterygia.
Potential role of UV radiation in the abnormal expression of growth factors in pterygia.
Immunohistochemical evidence has demonstrated stronger staining for HB-EGF (95) and VEGF (23, 36, 96) in the pterygium epithelium and vasculature compared with the normal conjunctiva. Furthermore, EGFR, which is considered to be involved in the UV radiation-induced signal transduction, has been reported to be upregulated in pterygia (97) . Similarly, the expression levels of PDGF and TGF-β have been indicated to be increased in all major cell types of pterygia, including fibroblasts, epithelial, endothelial and infiltrating inflammatory cells, compared with the normal conjunctiva (76) . However, the same research group demonstrated a lower expression level of b-FGF in pterygia compared with the normal conjunctiva (76) . By contrast, another study, using a different method, demonstrated increased levels of b-FGF in pterygia (98) . Furthermore, b-FGF overexpression has been observed in cultured fibroblasts from pterygia (99) . Therefore, further research is required to verify the differential expression of b-FGF between pterygia and normal conjunctiva to objectively characterize its role in pterygium. HB-EGF has been indicated to be induced by UVB radiation in cultured PECs (95) , providing an explanation for its upregulation in the pterygium epithelium. Similarly, increased levels of VEGF in pterygia may be due to the effects of UVB radiation, as a notable upregulation of the VEGF protein was observed in PECs following UVB exposure. Furthermore, EGFR and PDGFR have been demonstrated to transmit the UVB signal, and ERK1/2, p38 and JNK signaling pathways are involved in the induction of VEGF (42) . In addition to the three classical MAPK signaling pathways, EGFR-mediated UV radiation signaling activates the phosphoinositide 3-kinase (PI3)/AKT cascade, resulting in the activation of hypoxia-inducible factor 1α (HIF-1α). HIF-1α targets the VEGF gene and induces its expression (100). Other possible induction mechanisms of VEGF by UV radiation are as follows: i) UV radiation-inducible cytokine TNF-α (92) and IL-21 appear to be involved in the UVB radiation-mediated production of VEGF (101); ii) UVB radiation-induced expression of VEGF is dependent on de novo protein synthesis and may occur via the release of soluble mediators that subsequently activate VEGF expression (102) . The induction of b-FGF by UVB exposure has been demonstrated in the opossum cornea (103), keratinocytes and fibroblasts (104) , which may support increased expression levels of b-FGF in pterygia compared with the normal conjunctiva. The TGF-β upregulation in pterygia may be due to UVB radiation, as an initial cDNA microarray assay indicated the induction of TGF-β3 and TGF-β receptor (R) III transcription in UVB radiation-exposed PECs (95) . However, whether UV radiation is involved in the induction of other members of the TGF-β family in pterygia remains unknown. Gradually increased mRNA levels of TGF-β1 and -β3 and reduced mRNA levels of TGF-β2 have been observed following UV radiation in keratinocytes and dermal cells (105) . A previous study demonstrated elevated protein levels of TGF-β1 and downregulated levels of membrane receptor, TGFβ RII, in UV radiation-exposed skin (106) . These results suggest that UV radiation exerts complex effects on the TGF-β system that may indirectly contribute to the fibrovascular state of pterygium. As for the abnormal expression of PDGF in pterygia, Lemercier et al (66) proposed a hypothesis that UV radiation may harm pterygium vascular endothelial cells, an effect that favors of the release of PDGF. This hypothesis may suggest an underlying mechanism for the differential distribution pattern of PDGF, however it cannot explain the differential expression levels between pterygia and normal conjunctiva. Therefore, further investigation is required to investigate the potential mechanism of the upregulation of PDGF in pterygia.
Potential roles of growth factors in the fibrovascular changes in pterygia.
HB-EGF has been indicated to promote angiogenesis (107), stimulate anchorage-independent growth (AIG) and transform cells (108) . These effects partially explain the AIG of pterygium fibroblasts in culture. Nolan et al (95, 109) demonstrated the proliferative effects of HB-EGF on PECs and fibroblasts, suggesting the potential role of HB-EGF in epithelial hyperplasia and pterygium fibroblast proliferation observed in pterygium. The VEGF family is involved in increasing vascular permeability, angiogenesis and lymphangiogenesis (110) , suggesting that elevated expression of VEGF may be involved in neovascularization and inflammation in pterygia. b-FGF is considered to be a potent mitogen for various cell types (111, 112) and is involved in angiogenesis (113), thus it may be important in the development of hyperplastic epithelium, excessive active fibroblasts and neovascularization in pterygia. Previous studies have demonstrated the involvement of TGF-β in angiogenesis and fibroblast activation with the production of collagen (114, 115) . These effects are consistent with the excess collagen and blood vessels in the pterygium stroma. In addition, TGF-β has been indicated to stimulate ECM production via specific receptors (116) . These results support the hypothesis of Dushku et al (117) who proposed that elevated TGF-β levels may contribute to the fibrovascular phenotype of pterygium (117) . In previous studies, PDGF has been observed to demonstrate angiogenic activity and the ability to promote fibroblast proliferation. For example, PDGF exhibits a dose-dependent angiogenic effect on chick chorioallantoic membrane in vivo (118) , and facilitates cell proliferation, migration and differentiation on rabbit corneal fibroblasts and epithelial cells (119) . The results of these studies indicate the potential role of PDGF in the activation of various cell types in pterygia, and in the angiogenesis observed in pterygia.
Other potent effectors. Less common angiogenic factors, including thrombospondin-1 (120) and substance P (SP) (121) , have demonstrated increased expression in pterygia, and these factors may promote angiogenesis by activating the transcription factor ETS-1 (122) . Furthermore, elevated levels of SP have been detected in tear and plasma samples from patients with pterygium (123) . A previous study demonstrated that SP is a potent chemo-attractant on pterygium fibroblasts and vascular endothelial cells (121) . The results suggested an angiogenic effect of SP and may explain the abnormal infiltration of pterygium fibroblasts surrounding the damaged Bowman's membrane. In addition, SP has been associated with inflammation via upregulation of pro-inflammatory cytokines (124) . Pigment epithelium-derived factor, a well-known angiogenic inhibitor, has been reported to be downregulated in pterygium tissue (125) . The imbalance of pro-and anti-angiogenic factors in favor of the former may account for the abundance of blood vessels in pterygia. UV radiation has been demonstrated to induce the synthesis of sensory neuropeptides, including SP (126) . Thus, it is reasonable to associate increased SP levels in the tear samples from pterygia patients with UV radiation. However, the differential expression level of other pro-and anti-angiogenic factors in pterygia compared with the normal conjunctiva has not been associated with UV radiation. Further investigation is required to determine the role of UV radiation in the abnormal expression of these effectors.
ECM remodeling. ECM remodeling in the pterygium tissue is exemplified by Bowman's membrane dissolution and elastosis within the pterygia matrix (127) . This alteration suggests that pterygium is traditionally a degenerative condition. Using optical microscopy, Bowman's membrane is observed to be abnormally fragmented prior to the formation of fibrovascularized stroma. The degradation of Bowman's membrane has been demonstrated to be closely associated with UV radiation-induced expression of MMPs in PECs and pterygium fibroblasts (85) , and their increased expression has been demonstrated in pterygia specimens. The evidence that MMP activity is increased in pterygia, compared with normal conjunctiva, further supports the key roles of MMPs in the dissolution of Bowman's membrane (128) . Stromal elastosis was originally considered to be the result of deposits of elastoid degenerative collagen, which is characterized by the appearance of vermiform, coiled and knotty fibers under electron microscopy (129) , and amorphous eosinophilic material based on hematoxylin and eosin staining (13) . Although elastotic material absorbs elastic stain, it appears to differ from natural elastic tissue, as it remains unaffected by pancreatic elastase.
Elastoid degeneration in the conjunctival portion of pterygia tissue. Pterygia exhibiting a triangular appearance may be divided into two portions designated the corneal and the conjunctival portion, according to the boundary of the limbus. Light and electron microscopic examination demonstrated that elastoid degeneration is commonly observed in the conjunctival portion of pterygia. This degeneration resembles the actinic degenerative change observed in chronic UV radiation-exposed skin. Hogan and Alvarado (130) concluded that the elastotic material is composed of degenerated collagen, pre-existing elastic fibers, fibroblasts with abnormal activity and abnormal ground substance. Based on the observation of collections of amorphous eosinophilic material composed of excess hollow-centered microfibrils (an elastic fiber precursor), Austin et al (131) proposed that the elastotic material in the conjunctival portion of pterygium is formed from newly synthesized elastic fiber precursors and abnormal maturational forms of elastic fibers (elastodysplasia) that undergo secondary degeneration (elastodystrophy). Furthermore, the study suggested that these structures were produced by actinically damaged pterygium fibroblasts (131) . Fibroblasts in photo-damaged skin demonstrate increased levels of elastin mRNA compared with the fibroblasts from healthy skin and the elastin induction has been demonstrated to result from the enhanced activity of the elastin promoter (132) . These findings indicated that inducible transcription of elastin mRNA in pterygium fibroblasts subsequent to UV radiation may follow the same mechanism. In animal experiments, a single dose of UVB or UVA radiation (specifically UVB radiation) resulted in increased activity of the elastin promoter in vivo and in vitro in transgenic mice carrying a human elastin promoter (133) . Schwartz et al (134) demonstrated that the UV radiation-induced increase in tropo-elastin accumulation was dependent on the post-transcriptional regulation and the accumulation of tropo-elastin was mediated by multiple base substitutions in the non-coding domain of tropo-elastin mRNA rather than increased mRNA synthesis. Wang et al (135) proposed that the increased elastin levels in the pterygium fibroblasts were not a result of the elevated levels of elastin mRNA, but due to the UVB radiation-mediated mutations in the 3'-untranslated region, which alter the translational efficiency of tropo-elastin mRNA in the pterygium fibroblasts. The results from these studies provide further information regarding the potential mechanism underlying the role of UV radiation in pterygia fibroblast-mediated elastoid degeneration.
Degradation of Bowman's membrane.
Histological examinations have demonstrated that a severely damaged Bowman's membrane is common at the leading edge of the pterygium (23, 50) . It is widely accepted that MMPs expressed by PECs and fibroblasts are the predominant cause for this change (85, 127, 136) , as that MMPs exhibit proteolytic activity against ECM and components of Bowman's membrane (137) . Human MMPs are a family of zinc-dependent endopeptidases, which consists of a minimum of 26 members capable of denaturing the majority of components of ECM. The members are separated into six subgroups based on substrate specificity and homology: Collagenases, gelatinases, stromelysins, matrilysins, membrane-type MMPs (MT-MMPs) and other MMPs (138) .
Abnormal expression of MMPs and TIMPs in pterygia and their potential roles in ECM remodeling of pterygia.
Previous immunohistochemical studies have described the expression profile of MMPs and TIMPs in pterygium specimens (Table III) (85), have demonstrated increased expression in pterygium samples, but low or negative expression in normal conjunctiva samples. MMPs have been reported to be preferentially expressed in pterygium epithelium, fibroblasts, leukocytes and endothelium within the pterygium stroma. However, pterygium samples from different patients did not exhibit immunoreactivity for all the above MMPs or TIMPs, and the rate of positive MMP and TIMP expression in pterygia may vary widely in different study groups. This variation may be explained by the use of different methodologies or the examination of various stages of pterygia specimens. The different immunolocalization patterns of MMPs and TIMPs suggest that each factor may serve a specific role in the pathogenesis of pterygium. The pterygium epithelium expresses various MMPs. In particular, a group of pterygium cells in the advancing edge of pterygium, consistently and simultaneously, express elevated MMP-1, MMP-2, MMP-3 and MMP-9, and TIMP-1 and TIMP-2. As elevated expression levels of MMP-2 and MMP-9 are regarded as important in dissolving the basement membrane and adjacent ECM contacts (for example, hemidesmosomes), it may be speculated that the in situ production of these MMPs facilitates the pterygium invasion (47) . However, pterygium fibroblasts primarily express MMP-1, MMP-3 and MMP-9, which may serve important roles in the dissolution of Bowman's membrane and are likely responsible for the extensive collagen and ECM degradation (139) . Normally, to prevent excessive matrix degradation, the expression of TIMPs often parallels that of MMPs. TIMPs act as natural antagonists of MMPs by binding to their latent or active forms. Although elevated expression of TIMP-1, TIMP-2 and TIMP-3 has been observed in pterygium epithelium and fibroblasts, the orchestrated balance is likely disrupted and favors tissue destruction due to the notably increased expression of MMPs. The upregulation of these TIMPs may contribute to the inhibition of the pterygium invasion as Tsai et al (127) demonstrated that elevated TIMP-1 expression decreased the invasion and migration of pterygia. In addition, to being a prototypical inhibitor of the majority of MMP family members, TIMP-1 promotes cell proliferation and inhibits apoptosis by binding to a cell surface complex consisting of CD63 and β-1 integrin. However, whether TIMP-1 exhibits these activities in pterygia requires further investigation.
The role of UV radiation in the abnormal expression of MMPs and TIMPs in pterygia.
Previous studies have demonstrated a potent role of UV radiation in the induction of MMP expression in various cell types, including MMP-2 and MMP-9 in corneal cells (142) , MMP-1 and MMP-10 in SCL-1 cells (143), and MMP-1 and MMP-3 in human dermal fibroblasts (144) . The promoters of MMP-1, MMP-3 and MMP-9 carry activator protein 1 (AP-1) binding sites, indicating that these genes are transcriptionally regulated by the binding of active AP-1. AP-1 may be activated by UV radiation (145, 146) , thus, it is hypothesized that UV radiation may be involved in the transcription of a number of MMPs in the pterygium. Di Girolamo et al (41, 147) established that the expression of MMP-1, one of the most abundant MMPs in pterygia, is upregulated by UVB radiation in PECs. It was determined that the induction of MMP-1 (collagenase A) by UVB radiation is specifically mediated by ERK1/2 kinase, but not by p38 or JNK (41, 147) . Furthermore, MMP-3 has been demonstrated to be induced in PECs following UVB radiation. However, other MMPs and TIMPs, including MMP-2, MMP-9 and TIMP-1, are not induced following UVB radiation (23) . Whether the remaining MMPs may be induced by UV radiation has not been demonstrated in pterygium-derived cells. In addition to the classical MAPK signaling pathways, the UV radiation-activated protein kinase C (PKC) signaling pathway may mediate the upregulation of MMPs. This was demonstrated by the administration of PKC activator TPA, which induced low MMP expression in fibroblasts from early-stage pterygia (141) . These findings suggest that UV radiation may be involved in the regulation of MMP expression in pterygia, which is subsequently important in ECM remodeling and invasion in pterygia.
Discussion
It is well known that the primary subtypes of solar UV rays that reach the earth's surface are UVB and UVA, which are important in human health. Epidemiological studies have demonstrated that UVB and UVA exposure is associated with the development of pterygium. Previous studies on the pathogenesis of pterygia have focused on UVB radiation, which is responsible for the biological effects that have been detected in pterygium samples, including DNA damage, ligand-independent cell surface receptor activation, oxidative stress and intracellular signaling pathway activation. Recently, studies have concentrated on the role of UVA radiation in the pathogenesis of pterygium. The mechanism by which UVA radiation induces damage to the DNA differs from that of UVB radiation. UVA radiation results in indirect damage to cellular DNA via generation of reactive oxygen species. In addition to the damaged DNA, UVA-induced oxidative stress initiates numerous biological effects, including activation of intracellular signaling pathway and transcript factors, which in turn modulate the transcription of multiple targeted genes that involve in ECM remodeling (148, 149) .
Pterygia is regarded as an ophthalmoheliose triggered by chronic UV damage. As UV radiation results in the induction of diverse biological effects, it provides a good explanation for the pathogenesis of pterygia. Chronic UV radiation specifically damages the nasal limbus as peripheral light focuses in that part of the eye. The damage indicates no clinical abnormality, but it may be effectively detected by UV fluorescence photography (150) . It is well established that UV-altered limbal basal epithelial cells is the first step in the initiation of pterygium, however, the precise underlying molecular mechanism remains to be elucidated. UV radiation is known to be mutagenic, and gene mutation has been associated with the formation of pterygium cells. p53 was further investigated as fewer apoptotic markers and squamous metaplasia were detected in pterygia epithelium (151) . However, the variability in p53 protein expression indicates that p53 may not be required in the formation of the pterygium cells or the development of pterygia, and suggest that mutations in the p53 pathway or other tumor suppressor genes may be involved in the formation of pterygium cells. Elucidating the mechanism by which UV radiation alters the LSCs is likely to predict the biological behavior of these altered LSCs in pterygium and help to devise appropriate surgical and medical therapeutic strategies. Similarly, UV radiation may alter or activate fibroblasts located in the nasal limbal connective tissue, as these cells receive increased levels of UV radiation compared with other parts of limbus due to limbal light focusing. Although UV radiation may explain the abnormal biological behavior of fibroblasts in pterygia, the origin of pterygium fibroblasts remains unknown. If UV radiation does contribute to the activation of fibroblasts, the mechanism underlying UV radiation activating the limbal fibroblasts requires investigation and it will be required to determine whether activated fibroblasts are responsible for the excess proliferation of pterygium fibroblasts. Further studies aiming to elucidate the mechanism by which LSCs and fibroblasts evolve into pterygium cells and pterygium fibroblasts are required. Based on the common histopathological changes, including inflammation, neovascularization, elastotic degeneration, Bowman's membrane degradation and fibrous hyperplasia, it is hypothesized that inflammatory cytokines, angiogenic factors, fibrogenic factors and tissue proteolytic enzymes may be involved in the development of pterygium. Previous studies have demonstrated increased levels of multiple growth factors, pro-inflammatory cytokines and MMPs in pterygia (47, 75, 76) . The elevated expression of these effectors in pterygium has been attributed to UV radiation, as they were demonstrated to be UV radiation-inducible in pterygium-derived cells in culture or explants in vitro. However, understanding of the detailed underlying mechanisms is limited. Despite the poor understanding of the specific role of various factors in pterygium, based on previous functional studies, it is suggested that the identified factors may contribute to the characteristic histopathologic characteristics of pterygium. Further research is required to elucidate the mechanisms underlying the upregulation of various inflammatory cytokines, growth factors and MMPs in pterygium and their association with UV radiation.
With the continuous depletion of the ozone layer and the elevated UV radiation exposure, the incidence and cost of treatment of pterygium is expected to increase. Therefore, pterygium management is becoming an important public health issue. Preventing the occurrence of pterygium is key, although full protection from sunlight (using conventional sunglasses or hats) is not easily achieved. It is important to develop a usable method to identify individuals particularly at risk of developing pterygia, these individuals at risk could then be advised to take preventive measures, including UV-blocking contact lenses (152) and increased intake of antioxidants in the diet (153) . Surgical removal is the only feasible option for the treatment of pterygium, however, postoperative recurrence in certain cases affects success. Thus, to reduce postoperative recurrence of pterygium, surgery combined with adjuvant therapies, including antimetabolites (154) , is required. In addition to surgery, a number of types of therapeutic agent have demonstrated potential to inhibit pterygium growth and promote pterygium regression, including growth factor inhibitors (155), antifibrotics (156) and anti-VEGF (157), suggesting that molecular or cellular targeted agents may be the preferred treatment option for pterygium in the future.
